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Abstract 
For accurately predicting the service life and evaluating the durability of reinforced concrete 
structure exposed to chloride environments, it is highly desirable to determine the chloride 
diffusivity in cement paste. Because of continuous cement hydration and chloride binding during 
the process of chloride diffusion, chloride diffusivity varies with time. In this paper, a 
computational approach for predicting the time-dependent chloride diffusivity in cement paste is 
presented. HYMOSTRUC3D, a computer-based cement hydration model, is applied to generate 
the 3D microstructure of cement paste. Both of the cement hydration process and chloride 
binding are taken into account in the simulation of microstructure. Finite element method is 
applied to simulate the diffusion of chloride ions through the microstructure of cement paste and 
estimate the chloride diffusivity based on Fick’s law. A series of statistical analysis are carried 
out to determine the representative elementary volume (REV) of cement paste. The dependences 
of chloride diffusivity on time and w/c ratio are investigated. Finally, the simulations are 
validated with the experimentally measured values obtained from the literature.  The comparison 
indicates that the simulated values and measured values are of the same order of magnitude. 
Moreover, the trend (shape) of simulated relationship (chloride diffusivity vs time, chloride 
diffusivity vs w/c ratio) fits very well with the experiments.  
 
1. INTRODUCTION 
It has been widely recognized that the corrosion of embedded steel bars in the structure is the 
predominant cause of deterioration and durability of reinforced concrete structures. The process 
of corrosion of reinforcing steel bars is accelerated by the possible presence of chloride which 
 may penetrate from the concrete surfaces to the reinforcing steel [1]. The issue is particularly 
acute in a marine environment. When the chloride concentration at the depth of embedded steel 
bars reaches a critical threshold value, the passive film on steel is destroyed by chloride ions and 
the corrosion of steel begins. To a great extent, the reinforcing corrosion is dominated by the 
movement rate of chloride ions in concrete under a concentration gradient. In order to predict the 
service life and assess the durability of reinforced concrete structures, it is necessary to determine 
the diffusivity of chloride ions in cement paste.  
The purpose of this study is to present a numerical approach to predict the time-dependent 
chloride diffusivity in saturated cement paste. In the formation of microstructure of cement paste, 
both cement hydration and chloride binding are taken into account by using HYMOSTRUC3D. 
A procedure is established to determine the REV size for diffusivity of cement paste. The 
influences of age and water-to-cement (w/c) ratio on the chloride diffusivity in cement paste are 
quantitatively evaluated. The simulations are verified with experiments from the literature. 
2.  3D CHANGING MICROSTRUCTURE OF CEMENT PASTE  
2.1 HYMOSTRUC3D 
HYMOSTRUC3D [2, 3] is applied to simulate the microstructure change of cement paste due 
to cement hydration and chloride binding. The cement used in the simulation is Portland cement 
CEM I 42.5 N, the main constituents of which is listed in Table 1. The blaine fineness of cement 
particle is 420 m2/kg. A continuous particle size distribution (PSD) with a minimum size of 1 μm 
and maximum size of 50 μm is used. The curing temperature is 20 ºC. 
Table 1: Main constituents of Portland cement CEM I 42.5 N 
Phases C3S C2S C3A C4AF 
Weight (%) 63.53 13 8.43 9 
 
In HYMOSTRUC3D, the degree of hydration is simulated as a function of w/c ratio, chemical 
composition of cement, particle size distribution (PSD) of cement and the reaction temperature. 
The initial non-hydrated cement particles, with a shape of spheres, are randomly located inside a 
three dimensional body with a certain volume. The cement particles are non-overlap with each 
other at early stage. The hydrating cement grains are simulated as growing spheres. With 
progress of hydration process, the cement grains gradually dissolve and a porous shell of 
hydration products is generated around the grain. Due to chloride binding, chloride ions are 
bound by the hydrates. For the convenience of simulation, bound chloride ions are classified as 
outer products. An outward growth, or “expansion”, of the particles takes place. Small isolated 
clusters are developed, made up of hydration products around cement grains. Big clusters are 
formed when small cement particles become embedded in the outer shell of other particles, which 
promotes the outward growth of these particles (as shown in Fig. 1). As hydration and chloride 
binding progress, the growing particles become more and more connected and the material 
changes from the state of a suspension to the state of a porous solid. In order to minimize finite 
 size effects, periodic boundary conditions are chosen to simulate the location of cement particles 
and hydration products. Thus, the 3D changing microstructures of cement paste can be obtained. 
2.2  Chloride binding capacity  
 
During the penetration of chloride ions into cement paste, a part of chloride ions are bound. 
The bound chloride ions exist in the form of Friedel’s salt and adsorbed phase on the walls of 
capillary pore. Two forms of mechanism of chloride binding were proposed, one is the chemical 
binding through the transformation from ettringite (AFt) and monosulfate hydrate (AFm) to 
Friedel’s salt, and the other is the physical binding by the cement hydrates [4]. As a result, the 
chloride binding in cement paste will refine the pore structure. The chloride binding capacity of 
cement paste used in the simulation of changing microstructure is estimated based on the 
experiments by Hirao et al [4]. According to their research, the chemical binding isotherm is 
described as Freundlich-type equation and physical binding isotherm is expressed as Langmuir-
type equation. To sum up, a non-linear chloride binding capacity of cement paste can be given as 
follows.  
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Where Cb represents the concentration of chloride bound by hydrates (mmol/g), Cf is the free 
chloride concentration in solution phase (mol/L), a represents the content of C-S-H (mass%) and 
b represents the content of AFm (mass%).  
 
Figure 1: Simulation the formation of microstructure using HYMOSTRUC3D [2, 3] 
3.  FINITE ELEMENT SIMULATION  
With the simulated microstructure of cement paste, the chloride diffusivity of cement paste 
can be investigated. In experimental investigations, a two-compartment diffusion cell is 
commonly used to determine the diffusivity of chloride in cement paste. The concentration on the 
upstream (top) compartment C1 is kept constant during the simulation (in this study, it is 1 M). In 
addition, C1 is chosen much larger than the concentration on the downstream (bottom surface) 
compartment C2. In the simulation, C2 is chosen to be zero. Thus, the concentration gradient of 
chloride between the upstream and downstream is established. In addition, the initial 
concentration in cement paste is assumed to be zero. 
 The concentration gradient between upstream and downstream leads to a flux of chloride 
across the sample. It will take a certain time for the chloride ions to move into the downstream 
compartment and reach steady-state condition. The diffusion of chloride under steady-state 
condition and the associated boundary conditions can be mathematically expressed as follows: 
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Where, Di is the respective diffusivity of cement paste components (capillary pore, hydration 
product, un-hydrated cement) which is mentioned in Section 2, Ω is the REV of microstructure, 
S1 and S2 represent the upstream and downstream compartment, S3, S4, S5 and S6 are other 
surfaces where there are zero chloride fluxes. 
After the microstructure of cement paste is meshed, subsequent implementation procedure of 
finite element method (FEM) for solving the above diffusion equation through the cement paste 
is carried out. Then, the distribution of chloride concentration can be obtained and chloride flux 
Q across the outer surface S2 with an area of A can be calculated according to Eq. (3). Finally, by 
applying Fick’s first law, the chloride diffusivity in cement paste (with a thickness of L) can be 
calculated according to Eq. (4). 
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According to Einstein’s theorem, the chloride diffusivity in pore solution can be generally 
described as follows [5]. 
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Where R is the gas constant (8.314 J/mol K), T is the current temperature in Kelvin (K), Zcl is the 
electric charge of chloride ion (= -1), F is the Faraday constant (9.65×104 C/mol), λ0 is the 
chloride ion conductivity at the absolute reference temperature T0  (λ0=7.63×10-3 s m2/mol at 
298 K), γstands for the chemical activity coefficient of chloride ion, Ea is the activation energy 
for free pore solution (17.6×103 J/mol).   
Once the capillary pores depercolate, transport properties of cement paste must be dominated 
by the much smaller gel pores. Gel pores reside in C-S-H, which is a component of hydration 
product. As mentioned in [6], Garboczi has proposed that the diffusion coefficient of chloride 
ions through C-S-H is 1/400 of the diffusion coefficient through water-filled capillary pores and 
CH phase is considered to be non-diffusive. Hydration products consist of C-S-H and CH phase. 
The volume proportion of each phase is related to the degree of hydration. By applying the 
composite model developed by Christensen [7], the effective diffusivity of chloride through 
hydration product (Dhyd) can be calculated. 
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Where, DC-S-H and DCH represent the diffusion coefficient of chloride through C-S-H and CH 
respectively; fC-S-H and fCH are the volume fraction of C-S-H and CH of hydration product.    
4.  DETERMINATION OF REV 
A series of statistical analysis are undertaken in order to determine the size of REV by 
investigating the fluctuation of chloride diffusivity in cement paste samples (w/c=0.3, 0.4, 0.5 
and 0.6) with different volumes varying from 50×50×50 μm3 to 110×110×110 μm3. For 
each sample the mean value and standard derivation of chloride diffusivities in n realizations can 
be calculated according to following formulas. 
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Where, xi represents the diffusivity in the specimen of realization i obtained from numerical 
simulation, <x> and σ2 represent the mean value and standard deviation of the simulated value 
of diffusivities respectively.  
Chi-square criterion is used to indicate the fluctuation of the numerical diffusivity in each 
sample relative to the mean value of its different realizations. Chi-square criterion can be 
described according to Eq. (9). Apparently, the smaller the value of χ 2, the closer the 
corresponding volume of the sample is to the expected REV. With this principle, a true REV 
could only be obtained once the volume of sample is infinite. However, a minor size of the 
sample can be normally accepted when its Chi-square value satisfies the acceptable Chi-square 
coefficientχt2. 
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In this study, a acceptable value of the Chi-square coefficientχ t2 is 0.103. This value is 
corresponding to a desired accuracy of 95% and degrees of freedom of 2. Thus, by comparing the 
Chi-square coefficients for different realizations of each sample obtained from numerical 
simulation with the acceptable Chi-square coefficientχt2, it is possible to determine whether the 
volume of the sample meets the required accuracy. In this way, the results can be used to estimate 
the size of REV.  
5.  RESULTS AND DISCUSSION  
5.1  REV size 
Fig. 2 represents the relationship between Chi-square coefficient and sample size of different 
samples of cement paste. The Chi-square coefficient decrease significantly when the sample size 
increase from 50 to 100 μm. Moreover, Chi-square value of sample with size of 100 μm is less 
than the acceptable value corresponding to a desired accuracy of 95%. This implies that the 
sample of cement paste with size of 100 μm satisfies the Chi-square criterion. It can be observed 
 that the sample of cement paste with size of 110 μm also requires the Chi-square criterion. It is 
concluded that the REV size for diffusivity in cement paste is estimated at 100×100×100μm3. 
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Figure 2: Chi-square coefficients of diffusivities of different samples 
5.2  Chloride diffusivity 
In the following simulations, the REV size is chosen to be 100×100×100μm3. The 
predicted chloride diffusivity for the simulated cement paste with w/c ratio 0.4 and 0.5 at various 
time are shown in Fig. 3. It can be seen that chloride diffusivity is time-dependent. It decreases 
with increase of time, which attributes to the continuous cement hydration and chloride binding 
leading to a denser pore network. 
 For the purpose of verification, four sets of experimental data are selected from the literature 
[8~11] for comparison, from which the measured chloride diffusivities in cement pastes are also 
shown in Fig. 3. It indicates that the simulated values for cement pastes with w/c ratio 0.40 and 
0.50 are within one order of magnitude higher than the measured values. Moreover, for the 
samples with w/c ratio 0.40 at 28 days, the simulated value is only about three times higher than 
the measured value. Therefore, the results of time dependency of chloride diffusivities between 
simulation and experiments show a very similar tendency.  
In order to investigate the influence of w/c ratio on the chloride diffusivity, several simulations 
are performed, the results of which are shown in Fig. 4. As expected, the chloride diffusivity in 
cement paste increases with the increase of w/c ratio. The simulated results indicate that the trend 
of chloride diffusivity at 28 days is very similar to that at 95 days. The simulated values are of the 
same order of magnitude as the measured values. Especially for the cement pastes with w/c ratio 
0.3 at 95 days, the simulated value is only about two times higher than the experimental data 
taken from Poupard et al. [13]. 
The reasons for the difference between simulation and experiments could be attributed to: (i) 
the simulated microstructure somehow can not 100% represent the real microstructure. Because 
the chemical composition of cement used in the simulation and the experiments in literatures are 
different and the curing ages of samples are different; (ii) for the experiments, it usually takes 
approximately several weeks or months to reach a steady-state condition. During this period, the 
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cement hydration is developing, chloride binding is taking place and microstructure is changing. 
In the simulation, this is not taken into account. Therefore, the chloride diffusion coefficient 
measured in the experiments should be underestimated; (iii) the chloride diffusivity in the 
capillary pore solution used in the simulation is considered to be equal to the chloride diffusivity 
in free water, which can be calculated according to Eq. (5). At 20 ºC, it is equal to 1.77×10-9 
m2/s. However, as stated in [1], several publications indicated that the chloride diffusivity in free 
water was about 19 times of that in capillary pore solution. At 25 ºC, the chloride diffusivity in 
free water and in the pore solution are 2.03×10-9 m2/s and 1.07×10-10 m2/s respectively. In fact, 
using a capillary pore diffusion coefficient 1.07×10-10 m2/s, the simulated results will fit very 
well with the experimental results obtained from the literature. The items discussed above will be 
taken into account in the future studies. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Dependence of chloride diffusivity in cement paste on time (w/c=0.40, 0.50) 
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Figure 4: Dependence of chloride diffusivity in cement paste on w/c ratio (t=28 days, t=95 days) 
6.  CONCLUSIONS 
 In this study, microstructure-based simulations are carried out to predict the time-dependent 
chloride diffusivity in saturated cement paste exposed to chloride environment. Based on 
numerical and statistical analysis, the following conclusions can be obtained: 
− The size of representative elementary volume (REV) for chloride diffusivity in cement 
paste is estimated at 100×100×100μm3. 
− Time has a significant influence on the chloride diffusivity in cement paste. Chloride 
diffusivity decreases with the increase of time, due to the progress of cement hydration and 
chloride binding during the period. 
− w/c ratio has also a significant influence on the chloride diffusivity in cement paste. As 
expected, with the increase of w/c ratio, the chloride diffusivity in cement paste increases. 
− The simulated values turn out to be within one order of magnitude higher than the 
measured values. The trend (shape) of simulated relationship (chloride diffusivity vs time, 
chloride diffusivity vs w/c ratio) shows a good fit with the experiments. 
− In addition, the simulated time-dependent diffusivities of chloride ions in saturated cement 
paste would be in good agreement with the experimental data, if a chloride diffusivity in 
capillary pore solution Dcp=1.07×10-10 m2/s is applied. 
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